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Motion due to normal respiration increases the volume of healthy tissue irradiated during radiotherapy. The 
authors propose a simple method to reduce the motion associated with respiration by utilising a standard 
non-invasive ventilator operated at higher frequencies with reduced ventilation volumes. Results from a 
healthy subject study demonstrate promise in achieving large reductions in respiratory motion around the 
lower thoracic and upper abdominal regions. This reduction in motion has the potential to increase access to 
therapeutic regimes of radiotherapy for a patient cohort that has been traditionally poorly served by 
radiotherapy.  
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Abstract: 
Purpose: Reducing respiratory motion during the delivery of radiotherapy reduces the volume of healthy 
tissues irradiated and may decrease radiation induced toxicity. The purpose of this study was to assess the 
potential for rapid shallow non-invasive mechanical ventilation to reduce internal anatomy motion for 
radiotherapy purposes.  
 
Material and methods: Ten healthy volunteers (age 22-54years; mean 38years; 6 female and 4 male) were 
scanned on an MR scanner during normal breathing and at 2 ventilator induced frequencies; 20 and 25 
breaths per minute for 3 minutes. Sagittal and coronal cinematic datasets, centred over the right diaphragm 
were used to measure internal motions across the lung–diaphragm interface; repeat scans assessed 
reproducibility. Physiological parameters and participant experiences were recorded to quantify tolerability 
and comfort.  
 
Results: Physiological observations and experience questionnaires demonstrated rapid shallow non-invasive 
ventilation technique was tolerable and comfortable. Motion analysis of the lung-diaphragm interface 
demonstrated respiratory amplitudes and variations reduced in all subjects using rapid shallow non-invasive 
ventilation compared to spontaneous breathing; mean amplitude reductions of 56% and 62%, for 20 and 25 
breaths per minute respectively. The largest mean amplitude reductions were found in the posterior of the 
right lung; 40.0mm during normal breathing to 15.5mm (p<0.005) and 15.2mm (p<0.005) when ventilated 
with 20 and 25 breaths per minute respectively. Motion variations also reduced with ventilation; standard 
deviations in the posterior lung reduced from 14.8mm during normal respiration to 4.6mm and 3.5mm at 20 
and 25 breaths per minute respectively.  
 
Conclusion: To our knowledge, this is the first study to measure internal anatomical motion using rapid 
shallow mechanical ventilation to regularise and minimise respiratory motion, over a period long enough to 
image and deliver radiotherapy.  Rapid frequency, shallow, non-invasive ventilation generates large 
reductions in internal thoracic and abdominal motions, the clinical application of which could be profound; 
enabling dose escalation (increasing treatment efficacy) or high dose ablative radiotherapy.  
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Introduction 
A major limitation in radiotherapy is that patients continue to breathe during treatment delivery. This 
respiratory related motion affects all organs in the thorax and abdomen, from oesophagus to prostate, 
constraining access to hypofractionated treatment and the efficacy of the treatment [1]. A number of 
strategies are used to mitigate respiratory motion; doing nothing other than increasing treatment margins, 
treatment gating, abdominal compression and multiple short (~20 second) breath-holds [2] [2]or single 
prolonged (>5 minute) breath-holds [3]. All approaches have associated technological challenges and 
limitations, prolonging the length of treatment and risking missing the target unless some form of target 
tracking is implemented. At present there is no consensus on how to best manage or compensate for 
respiratory motion [4].  
 
This study explores the potential of a completely different approach. Here, non-invasive mechanical 
ventilation safely, easily and comfortably takes over breathing of the conscious, unmedicated patient, 
delivering with regularity the same respiratory minute ventilation but with an increased ventilation 
frequency and a reduced inflation volume for periods sufficient to image and deliver radiotherapy.  
 
The use of non-invasive mechanical ventilation to healthy, unmedicated volunteers has significant potential 
for controlling breathing patterns during radiotherapy and diagnostic imaging. Although controlled 
mechanical ventilation is often considered only in an anaesthesiology domain, the development of non-
invasive ventilation techniques and the availability of simple, user friendly ventilators have facilitated more 
widespread adoption of such techniques.  
 
Previous studies have demonstrated that it is feasible to, ventilate conscious, unmedicated subjects and 
breast cancer patients non-invasively for up to one hour [3][5][6][7] and to reduce breathing-related 
positional variability of a surface marker [8]. However, a reduction in internal respiratory motion has not yet 
been investigated. The objective of this study was to demonstrate whether non-invasive ventilation was 
acceptable to awake volunteers during MRI scanning and whether reduced internal organ motion. 
 
To our knowledge, this is the first study to evaluate internal anatomical motion using rapid shallow non-
invasive ventilation to regularise and minimise respiratory variations over a period long enough to image and 
to deliver complex high dose radiotherapy. 
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Materials and Methods 
Subjects 
Ten healthy volunteer subjects (age range 22-54 years; mean 38 years; 6 female and 4 male) were recruited 
to be part of the study at our cancer centre. This work was carried out under a development protocol 
approved by the Trust. As an innovative pilot study to investigate tolerability and potential respiratory 
motion reduction, no data exists on expected results, therefore this study could not use formal sample size 
calculations based on standard deviations to inform the number of participants required.  
 
Rapid shallow non-invasive ventilation  
Without any previous ventilator or MRI training or experience, on the day of the experiment each subject 
was allowed sufficient time (~5 minutes) to become comfortable breathing spontaneously via a facemask 
and connected to an MR compatible non-invasive ventilator (MR1 Hamilton Medical AG, Bonaduz, 
Switzerland). Subjects then acclimatised to lying on an MR couch (Siemens Espree, Siemens AG, Erlangen, 
Germany) whilst breathing spontaneously with the ventilator using air/oxygen mix (FiO2<0.4). Baseline end 
tidal partial pressure of carbon dioxide (PETCO2) levels, non-invasive pulse oximetry and heart rate were 
measured at the start and monitored throughout, with pre-defined limits set to ensure subject safety during 
the procedure [7]. The ventilator was then switched to take over their breathing non-invasively with positive 
pressure, controlling the rate and level of breathing, by causing all the usual and normal cycles of inflation 
and deflation. Two arbitrary ventilation rates of 20 and 25 breaths per minute were set, whilst 
simultaneously reducing inflation volume to match or exceed their metabolic rate such that PETCO2 >2.7kPa, 
sPO2 >94% and heartrate <100bpm [5][6][7].  
 
Participant experience of the procedure was assessed through a non-validated questionnaire, using 5 
questions each scoring between 1 and 5 points; maximum comfort / experience scoring 5 points. 
 
MR scanning 
Cinematic datasets, at 3 frames per second, were acquired in sagittal and coronal planes centred over the 
apex of the right diaphragm. Scans were acquired during normal breathing, in the 2 non–invasive 
mechanically ventilated frequencies and again in normal breathing after turning off pressure support (Figure 
1). We acquired cinematic datasets of diaphragm motion for 6 minutes (3 minutes in the coronal and 3 
minutes in the sagittal plane) for all breathing modes. Respiratory amplitudes were estimated using the high 
contrast region of the lung-diaphragm interface, making measurements over a 30 second period, from 
seconds 60 to 90 in each scan  (Figure 2). The same protocol was then applied during a subsequent 
appointment, at least 2 weeks after the initial session, to assess the inter-session reproducibility of the 
technique. 
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Results 
Tolerability 
All subjects completed the rapid, shallow protocol using mechanical ventilation without interruption and 
were happy to return to undergo the procedure for a second occasion. There was only 1 occasion out of the 
20 sessions that a subject felt “uncomfortable” and was “close to stopping the procedure”. However, results 
from the questionnaire on average demonstrated very positive results; low levels of anxiety before and 
during the procedure. There were also no signs of any physiological stresses; all continuous observations of 
heart rate, end tidal CO2 (PETCO2) and peripheral oxygen saturation (SpO2) levels were found to be well inside 
the pre-determined safety limits. 
 
Intra-session analysis 
Visual assessment of the right lung-diaphragm interface motion over a 30 second period in both the sagittal 
and coronal planes demonstrated that mean respiratory amplitudes were systematically reduced in 100% of 
cases using rapid shallow non-invasive ventilation compared to subject initiated normal respiration. 
Objective measurements demonstrated that respiratory amplitudes reduced by 54±20% and 61±15%, at 20 
and 25 breaths per minute respectively (Figure 3) in the sagittal plane and 58±14% and 62±14% in the 
coronal plane, at 20 and 25 breaths per minute respectively. Diaphragmatic motion with rapid shallow non-
invasive ventilation were evaluated against normal breathing using paired t-tests with statistical significance 
assigned at p < 0.05. All amplitude reductions with both rapid shallow modes of mechanical ventilation, at all 
points in both the sagittal and coronal planes were found to be significant; p values <0.005.  Mean 
respiratory amplitudes and associated standard deviations for the initial normal breathing phase, the 
mechanically ventilated modes and the return to normal breathing are summarised in Table 1. Respiration 
was also regularised using mechanical ventilation; maximum interface excursion reducing from 71.5mm 
during normal breathing to 21.3mm and 20.3mm under rapid shallow ventilatory control at 20 and 25 
breaths per minute respectively. 
 
Inter-session analysis 
The pattern of amplitude and breathing variation reduction with rapid shallow ventilation compared to 
normal breathing was found to be consistent between MRI sessions; mean respiratory amplitude in the 
coronal orientation of the lung-diaphragm interface was 9.4±2.5mm at the first session and 10.5±2.6mm at 
20 breaths per minute, and 8.0±2.5mm at the first session and 8.6±2.4mm at 25 breaths per minute. Similar 
regularisation of breathing motions were repeated and demonstrated in the sagittal plane (Figure 4).  
 
Abdominal motion 
Performing simple image analysis (pixels set to white if grey value > average, to black if grey value < average, 
then superimposing the resultant cinematic images), visibly demonstrates the motion reduction potential to 
abdominal as well as thoracic anatomy by employing rapid shallow non-invasive ventilation (Figure 5). 
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Discussion 
We demonstrate that for healthy subjects rapid shallow non-invasive ventilation is tolerable during MRI and 
achieves large reductions in mean respiratory amplitudes, regularised breathing patterns (i.e. reduces 
variability) and was consistent between the first and second sessions for all subjects. 
 
All subjects tolerated the procedure and were happy to return for a repeat ventilation session. On 1 occasion 
a subject felt uncomfortable and was close to removing the mask, although it was reported that the MR 
scanning environment had much to do with the discomfort felt. Questionnaire results demonstrated subjects 
experienced a very low level of anxiety before and during the first ventilation procedure despite subjects 
having no previous experience of mechanical ventilation and the experiment being performed in an MR 
scanner, an environment known to induce anxiety, especially in those with claustrophobic tendencies.  
The enforced breathing patterns and associated anatomical motions obtained with rapid shallow ventilation 
would be favourable in the context of radiotherapy [9][10][11]. There is no consensus on the optimal method 
to correct for errors related to breathing [12] and the variety of devices available to compensate for 
respiratory intrafraction motion all have financial, technical or patient discomfort implications. Mechanical 
ventilation could offer a simple, cheap alternative, reducing target volumes and thereby doses to organs at 
risk or enabling patients with large breathing amplitudes access to more therapeutic hypofractionated 
radiotherapy regimes. 
 
Abdominal compression is popular choice for controlling motion, particularly for thoracic and upper 
abdominal targets [13]; it is easy, cheap and can be used with all manufacturers of CT and linac. It has been 
reported to significantly reduce craniocaudal motion [14]especially for lower lobe lesions [15]. However, it is 
not a gold standard; patients report it to be uncomfortable [16], it is limited in its ability to reduce upper 
thoracic motion and there are concerns regarding target residual excursion and associated amplitude 
reproducibility [14]. Attempts have been made to improve abdominal compression using the dual vacuum 
bag approach (BodyFIX system, Elekta,) which mitigates reproducibility issues and is reported to be more 
comfortable [16]. 
 
Breath holding with room air using multiple short breath-holds is commonplace and used routinely for breast 
radiotherapy where the external ‘markers’ closely represent and correlate with target anatomy. Utilising 
breath holding for more complex, high dose techniques has three main issues: (i) internal anatomy 
demonstrates a large settlement during the first 20 seconds of breath holding [17], (ii) most patients are only 
able to comfortably hold their breath for ~30 seconds so complex radiotherapy would require multiple 
breath holds and (iii) a reliable method by which to estimate target position using an external surrogate has 
not been established. Recently, single prolonged breath holds (>5 minutes) have been demonstrated possible 
in patients with breast cancer [3], but no MRI data quantifying internal motion is yet available. 
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Gating employs the assumption that target motion can be predicted by using either an external respiration 
signal or internal ﬁducial markers [18][19]. Although more rare and not always clinically possible, internal 
surrogates have repeatedly demonstrated a superiority in terms of correlation to target motion [20][21]. 
Free breathing respiratory motion is known to be naturally irregular, therefore the target – external 
surrogate correlation changes during treatment. Some commercial target tracking solutions also monitor 
internal motion and verify the validity of the model with the acquisition of ﬂuoroscopic images, modifying 
the model if required [22]. Irregular breathing and target excursion invalidates internal and external 
correlation, reducing the tracking accuracy [23]. Latency in this tracking system is an additional source of 
uncertainty, prolonging treatment whenever the model is refreshed.  
 
MRI guided radiotherapy, although expensive and in its infancy, appears to be a viable approach for 
mitigating respiratory motion albeit with motivated, engaged and actively compliant patients. Suitable 
patients can then use their own internal anatomy to control treatment gating, avoiding an external surrogate 
which should be more closely related to tumour position and therefore more likely to generate a superior 
surrogate - target correlation.  
 
Due to the lack of randomised control trials there is no standardised approach or a consensus of opinion on 
how best to manage intrafraction motion as a consequence of respiration. More studies with large cohorts of 
patients are required to fully justify and quantify the benefits that different approaches may offer. 
 
Here we demonstrate that rapid shallow non-invasive ventilation achieves large reductions in internal 
measures of breathing amplitude and variability using diaphragm motion versus normal breathing, and with 
inter-session consistency in healthy subjects. We have already established that mechanical ventilation at 16 
breaths per minute is feasible and well tolerated by conscious unmedicated breast cancer patients [3][8], so 
we envisage no difficulties in routinely mechanically ventilating patients at 20 or 25 breaths per minute. 
Future work will address whether this approach is tolerable, and can produce similar results in patients 
referred for high dose radiotherapy to a thoracic target.  
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Conclusion  
 
To our knowledge, this is the first demonstration that non-invasive, rapid shallow mechanical ventilation 
produces large reductions in the magnitude and variability of internal diaphragm motion due to respiration 
in healthy conscious subjects. The clinical application of such large motion reductions could be beneficial for 
patients where respiration otherwise impacts on target volume and associated dose distributions for a 
number sites such as lung, liver and pancreas to a degree that makes it clinically unacceptable to proceed 
with radiotherapy.  
 
 
At present there are no commercial systems that implement ventilation to control respiratory motion in a 
radiotherapy context. Utilising rapid shallow non-invasive ventilation is a potential approach to control 
motion for hypofractionated radiation treatment, mitigating many of the issues found with abdominal 
compression, gating using external surrogates and short breath hold techniques.  
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Figure legends 
 
 
Figure 1  A schematic representation of the experimental non-invasive ventilation protocol for the normal 
and mechanically ventilated breathing modes.  
 
 
Figure 2  Mean respiratory amplitudes were determined through multiple measurements, over a 30- second 
period, across the lung-diaphragm interface for normal and non-invasive ventilation breathing modes. 
 
 
Figure 3 Respiratory motion for 10 subjects in normal breathing and under rapid shallow non-invasive 
ventilatory control. Motion displayed as the mean, minimum and maximum respiratory amplitudes with the 
associated standard deviations. Mechanical ventilation at 20 and 25 breaths per minute demonstrated 
significant reductions in diaphragm motion (p<0.005), at all 3 measured points in both the sagittal and 
coronal planes.  
 
 
Figure 4  Sagittal inter session reproducibility of the lung-diaphragm interface motion for 8 subjects; during 
normal and ventilated breathing at 20 and 25 breaths per minute over 2 sessions. 
 
 
Figure 5  Performing simple image analysis (setting pixel values greater than the average to white, less than 
the average to black, then superimposing the resultant image) demonstrates the motion reduction possible 
by employing rapid shallow non-invasive ventilation in anatomy both superior and inferior to the diaphragm.  
 
 
 
 
 
 
 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
 
 
 Respiratory amplitudes (mm)  
 Sagittal Coronal 
 Mean Std Dev Mean Std Dev 
Normal breathing 28.9 9.9 23.1 5.4 
20 breaths / minute 11.8 3.4 9.7 3.1 
25 breaths / minute 10.6 3.0 8.4 2.3 
Normal breathing 29.2 11.9 24.2 8.9 
 
Table 1 Mean respiratory amplitudes and standard deviations, measured at the lung-diaphragm interface in 
the sagittal and coronal plane MR datasets; for normal breathing and under rapid shallow ventilatory control. 
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Figure 1 A schematic representation of the experimental non-invasive ventilation protocol for the 
normal and mechanically ventilated breathing modes.  
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Figure 2 Mean respiratory amplitudes were determined through multiple 
measurements, over a 30- second period, across the lung-diaphragm interface for 
normal and non-invasive ventilation breathing modes. 
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Figure 3 Respiratory motion for 10 subjects in normal breathing and under rapid shallow 
non-invasive ventilatory control. Motion displayed as the mean, minimum and maximum 
respiratory amplitudes with the associated standard deviations. Mechanical ventilation at 
20 and 25 breaths per minute demonstrated significant reductions in diaphragm motion 
(p<0.005), at all 3 measured points in both the sagittal and coronal planes.  
 
Sagittal plan scan 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Respiratory motion for 10 subjects in normal breathing and under rapid shallow 
non-invasive ventilatory control. Motion displayed as the mean, minimum and maximum 
respiratory amplitudes with the associated standard deviations. Mechanical ventilation at 
20 and 25 breaths per minute demonstrated significant reductions in diaphragm motion 
(p<0.005), at all 3 measured points in both the sagittal and coronal planes.  
 
Sagittal plan scan 
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Figure 4 Sagittal inter session reproducibility of the lung-diaphragm interface motion for 8 subjects; 
during normal and ventilated breathing at 20 and 25 breaths per minute over 2 sessions. 
1st session 2nd session 
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Figure 5 Performing simple image analysis (setting pixel values greater than the average to white, 
less than the average to black, then superimposing the resultant image) demonstrates the 
motion reduction possible by employing rapid shallow non-invasive ventilation in anatomy both 
superior and inferior to the diaphragm.  
